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Transmitter Diversity  for a Digital FM Paging  System 
FL“l \ r ’UKI  ADACHI. \ I E v B t R .  1 E t t  
.-lbsrracf-kfultipath fading is one  of the  most serious problems  for  the 
signal  transmission in mobile  radio.  To  combat this problem, the applica- 
tion of transmitter dibersit! to a digital Flf paging  s!stem  is described. The 
method is to transmit t w o  digital Fl1 paging signals with  different modula- 
tion  indices.  each of w hich is modulated by an identical  binar! signal. from 
separate antennas. I t  is shown that  the same action  obtained w i t h  the 
well-known  selectiondi\ersit! can  beachiebed when thedifference hetween 
the modulation  indices is equal to two. The dibersit!  effect  on  the bit-error- 
rate ( B E R )  performance is theoretically  anal!zed. The di\ersit! effect on 
the B E R  performance in a 6OO-bitcs llanchester-coded digital F\i  s!stem i\ 
\erified h? the laborator!  simulation  tests  using a Ra!leigh  fading 
\imulator. 
R 
I. INTRODUCTION 
ECENTLY, digital modulation has become of interest in 
the field of mobile radio paging systems [ 11 . A low-bit- 
rate  binary signal is introduced as a  selective  calling signal 
instead of two sequential double tones. “New Pocket Bell’‘ 
system  [2]  uses  the  direct FM with  a  200-bit/s  NRZ signal and 
k2.5  kHz  frequency  deviation. 
In  mobile  radio,  the signal transmission is usually  per- 
formed via multiple  propagation  paths  due  to scattering, 
reflection,  and  diffraction  by  buildings.  Thus  the received 
signal is subject to Rayleigh fading with receiver movement 
[3] , [4] and the signal transmission performance is severely 
degraded. Over the past ten years many diversity techniques 
have been considered for the purpose of reducing the effects 
of  Rayleigh  fading  [5] . [6].  For  mobile  radio paging systems, 
a transmitter diversity, characterized by a multiplicity of an- 
tennas  at  the  transmitting site  and  one  antenna  at  the  receiver. 
would be attractive  from  the  standpoint  of  system  simplicity. 
This paper proposes a transmitter diversity to be used in a 
digital FM paging  system  with a large predetection  bandwidth- 
bit duration product, such as the “New Pocket Bell” system. 
The  method is t o  transmit  two  digital FM signals with  the  dif- 
ferent modulation indices. each of which is modulated by an 
identical binary signal. from separate antennas. In Section 11. 
it is shown  that  the  same  action  obtained  with  the  well-known 
selection  diversity  can  be  achieved  when  the  difference  be- 
tween  the  modulation  indices is equal  to  two.  Section 111 
analyzes  the  diversity  effect on  the  bit-error-rate  (BER) 
performance. In Section IV, the simulation test results for a 
600 bit/s  Manchester-coded  digital  FM  system  are  described. 
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11. PRINCIPLE OF OPERATION 
The  transmitter  diversity  system  model  under  study is 
shown in  Fig. 1 .  Two digital FM signals. each  of  which is mod- 
ulated by an identical binary signal. are assumed to be repre- 
sented as 
where wo is a carrier angular frequency and &(t),  i = 1 .  2 $  
is a modulation phase. They are transmitted simultaneously 
from  the  separate  antennas  and received at  the paging receiver 
through the multipath channels. Assuming that each received 
signal suffers Rayleigh fading with receiver movement. each 
fading signal may  be  written as 
q(t)  =Ri( t )  cos {oot + $i(t) + Oi(t)j ( 2 )  
where Ri(t )  is a Rayleigh distributed envelope and e , ( [ )  is a 
uniformly  distributed  phase  [3] . [4] . 
To  analyze  the  diversity  action,  let us assume that  he 
receiver front-end  noise is absent.  The  input signal to  a  limiter- 
discriminator  followed  by  an  integrate-and-dump  fdter is 
therefore u,(t) + u,(t>. Then. a limiter-discriminator output 
v( t )  relative to wo is.  when R,( t )   >Rp( t ) .  
where the dot denotes the time derivative and a(t)  and $ ( r )  
are 
4 t )  = R 2 (t)/R 1 (t> 
W) = ~ ~ ( t )  - ~ ~ ( t )  + e m  - e,(t). (4) 
$(t)/277 is the beat frequency between two digital FM signals. 
By Fourier-series  expansion (3) can be rewritten as 
When R,(r) > Rl(t ) .  we must  exchange  subscripts in (3)-(5). 
The  limiter-discriminator  output  has  harmonic  components of 
the  beat  frequency  between  two  digital FM signals. 
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Fig. 1. Transmitter diversity system model. 
Since  the  fading  rate  may  be  assumed  slow  compared  with 
the  bit  rate 1/T, Ri(t)  and e i ( t )  may be regarded as constants 
over the bit duration T. Then, the integrate-and-dump filter 
output w ( n 0  when  sampled  at the end of the bit at time 
nT (n = 0, + 1 ,  +2, . . a ) ,  can  be  approximated  by 
m 
w(nT) = @l(nn - @ l ( F I T )  + x (-1)m - 2cP 
m = l  m 
L -I 
From (6 ) ,  when 
the outputs due to harmonic components of the beat fre- 
quency can be removed. Hence the integrate-and-dump filter 
output  at  the sampling  instant nT is 
This is the same  result  with  the  well-known  selection  diversity 
which  selects  the  branch  with  the  higher  received  signal  enve- 
lope. 
There may be two methods to achieve the above action. 
One is the phase sweeping method [7],  [8] or the carrier fre- 
quency offset method [9], [ 101 .l In this case, two modu- 
1 Although the phase sweeping method was proposed for diversity 
reception, it can  be  applicable  to  transmitter  diversity.  The carrier 
frequency offset method was proposed and investigated for simulcast 
transmission in digital FM paging systems. Since sweeping the received 
signal phase  continuously and linearly is the same  with  varying  the 
received signal carrier frequency,  the carrier frequency  offset  method is 
considered  to  be  equivalent to the  phase  sweeping method.  Principle of 
operation and improvement  effect  have  not  yet  been  theoretically 
analyzed for digital FM transmission. Although no rigorous theoretical 
analysis  was  given,  it is of interest  that Willard and  Sharp [ 1 ] revealed 
the parallel between  simulcast  transmission and selection  diversity. 
lation  phases@l(t)  and ez(t)  are  respectively given by 
t 
@1(t)/2n = Cf,/2)t + P s(t)  dt/2T 1, 
I ,  (9) t ~ j ~ ( t ) / 2 n  = - CfJ2)t + s(t) dt/2T 
where f, is a  phase  sweeping  frequency or a carrier  frequency 
offset, s( t )  is a binary signal which switches between +1 and 
-1 at the multiples of bit duration T,and = 2AfdT (Afd is a 
frequency  deviation) is a  modulation  index.  From (7), f ,  must 
satisfy the  following  equation: 
f s T  = 1. (10) 
Experimental results [9] ,   [ lo]  have shown that the best im- 
provement effect on the BER performance can be obtained 
when f ,T= 1 .  
The other method, which is proposed in this paper, is to  
transmit  wo  digital FM signals  with  different  modulation 
indices. This is a modification of the phase sweeping method 
and is equivalent to  exchange the phase sweeping direction 
correspondingly to  a  mark or space  transmission.  In  this  case, 
two modulation phases @l(t) and @ 2 ( t )  are respectively given 
by 
t 
@1(t)/277 = PI 1 s ( t )  dt/2T (1 1) 
@ z ( t ) b  = I jz 1 s ( t )  d t /2T  (12)  
-m 
t 
-OD 
where P I  # P2 and Dl > P z .  P1 is assumed constant since the 
larger  modulation  index is limited  by  the  receiver  predetection 
filter  bandwidth.  From (7), the  difference  between  the  modu- 
lation  indices  must  satisfy  the  following  equation: 
PlZ = 01 - Pz = 21. (13) 
Since increasing P1 means decreasing P z  under the condition 
that the larger modulation index PI is constant, signal error 
may increase when R 2  > R1 and the total average BER may 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 07,2010 at 19:53:12 EST from IEEE Xplore.  Restrictions apply. 
ADACHI:  DIGITAL FM P A G I N G  SYSTEM 
increase  with  an  increase in & z .  Hence  the  difference  be- 
tween  the  modulation  indices  should  be  chosen  to B1 = 2 .  
111. DIVERSITY  EFFECT  ON  BER  PERFORMANCE 
Many  investigators  have  analyzed  the  BER  performance 
of  digital FM with  limiter-discriminator  detection [ 1 1 ] - [ 151 . 
Since the limiter-discriminator output noise is a non-Gaussian 
process.  it is difficult  to  find  the  exact  distribution  of  the 
noise in the postdetection filter output. The exact BER per- 
formance has been analyzed only when the postdetection fil- 
tering  effect  can  be  neglected [ l  l ] .  The neglect of post- 
detection filtering effect is not permissible for large modula- 
tion  indices  or large predetection  bandwidth-bit  duration 
products. Several papers [ 121 - [ 151 have presented methods 
for  obtaining  an  approximate  distribution  of  the  postdetection 
filter output noise using Rice's click model [ 161. Rice's click 
model assumes the input instantaneous carrier-to-noise power 
ratio  (CNR)  higher  than 3 dB.  Since, in the presence of  fading, 
most  of signal errors  occur  when  the  instantaneous  CNR 
becomes below about 3 dB? it is necessary to  know  the  static 
BER under the low CNR for the calculation of the average 
BER in the presence of fading. Thus we use an approximate 
static  BER given by  the  following  exponential  formula [ 1 11 : 
Pe(R) = & exp [-cy(T/2No:Rz] (14) 
where R is the received signal envelope,No is the noise  power 
density at the input to the limiter-discriminator, cy is a con- 
stant parameter determined from the modulation index and 
the  predetection  bandwidth-bit  duration  product,  and (Ti  
2No)R2 is the signal energy  per  bit-to-noise  power  density 
ratio. 
33 5 
ated  from 
where p(Rl, R2)  is the joint pdf of R1  and R2 given by 
[ l l ,  ch. 101 
where u12 and oZ2 are average powers of the two received 
fading signals, k is a complex cross-correlation between the 
two  fading signals, and Zo(-) is the  zeroth-order  modified 
Bessel function  of  the  first  kind  defined  by 
Substituting (17) and  (18)  into  (16)  and  lettingR2/R1 = t ,  
we integrate  (16)  with  respect t o   R ,  firstly, 0 secondly,  and r 
finally. The result is 
Let us assume that the two fading digital FM signals with 
different modulation indices satisfying Dl = 2,  each  of  which 
is modulated by an identical binary signal, are received simul- 
taneously  at  the paging  receiver. In Section 11, it is shown  that 
the  transmitter  diversity  may  operate as the  well-known  selec- 
tion  diversity  which  selects  the  branch  with  the  higher received 
signal envelope. Then the static BER, when the two fading 
signal envelopes  are  R1  and R 2 .  may be  approximated  by 
where ai is the value of  parameter a in (14) when  one  of  the 
ui(t) defined by ( 2 )  is received. Since the modulation indices 
of  the  two digital FM signals are  different  from  each  other, a1 
and a2 may be  different  from  each  other. 
The average BER Pe is obtained using (15) and the joint 
probability-density-function  (pdq  of  R1  and  Rz.  Pe is evalu- 
where rl (= o12T/No) and r2 (= azZT/No)  are the average 
received  signal  energy per bit-to-noise power density ratios. 
The  general  result in (19)  demonstrates  the  effects  of  correla- 
tion and unequal received  signal  evels (unequal transmitter 
powers) on operation. When rl and r2 9 1 and p is not too 
near  unity,  (19) is well approximated  by 
where 
is the  effective  equivalent average  signal  energy per  bit-to-noise 
power density ratio. Particularly, letting a1 = a2,  (19) and 
(20) give the average BER achieved by using the well-known 
selection  diversity or the phase  sweeping method. 
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Fig. 2. Experimental simulation test system. 
Next,  let us  assume that  only  one  of  the  two  digital FM  sig- 
nals  is transmitted.  The average  BER Pe is easily  obtained  as 
1 1  1  1 
Pe = - or - 
2 1 + alrl 2 1 +azrz 
Comparing (19) or (20) with (22), it is found that trans- 
mission  of two digital FM signals  with P l 2  = 2, each  of  which 
is modulated by an identical binary signal, may improve the 
BER performance. The above results will be verified by the 
following  laboratory  simulation  tests, 
IV.  LABORATORY  SIMULATION  TEST  RESULTS 
A.  Test System 
The  test  system is shown  in  Fig. 2. A 5 1  1-bits  pseudonoise 
(PN) sequence with a bit rate of 600 bit/s is used as a binary 
signal. A PN sequence is differentially encoded and is trans- 
formed into a Manchester-coded signal which is equivalent to  
an N U - t y p e  signal with a bit rate of 1200 bit/s, i.e., the bit 
duration T = 1/1200 s. The  Manchestercoded signal is fed to 
two  880 MHz FM transmitters  with  the  identical  carrier 
frequency.  Two  generated  digital  FM  signals  are  fed  to  a  fading 
simulator [ 171 , which generates the Rayleigh fading signals 
with variable envelope correlation p (= I k I * )  [ l l ,  ch. 101 
and  variable  fading  rate.  The  fading  rate  in  the  following  simu- 
lation tests is set to  40 Hz, which corresponds to a typical 
vehicle  speed  of about 50 km/h  when  the  carrier  frequency is 
880 MHz. 
Two fading signals are combined by a hybrid coupler and 
are fed to  a  double  conversion  type FM receiver using limiter- 
discriminator.  Two  Butterworth  crystal  filters  are  used  as  the 
first and second IF filters. Overall 3 dB predetection band- 
width B is B = 16 kHz, i.e., bandwidth-bit duration product 
BT = 13.3. In the simulation tests, a Gaussian type low-pass 
filter with 3 dB bandwidth of 0.52/T is used instead of the 
integrate-and-dump filter. This is approximately equal to the 
3 dB bandwidth of the integrate-and-dump filter considered 
in Section 11. Then,  the low-pass  filter  output is sampled  and is 
differentially  decoded  using  the  recovered  timing. 
J 
I X I O - '  2 4 6 8 I X l O O  2 6 8 I X I O '  
DIFFERENCE GETWEEN THE MODULATION INDICES ~ I Z  
Fig. 3 .  Measured average BER as a function of the difference between 
t h e  modulation  indices. 
B. Test results 
Fig. 3 shows the measured average BER's as a function of 
the  difference  between  the  modulation  indices P l 2  (pl is con- 
stant  and p1 > p 2 )  when p = 0 and rl = rz = 26 dB.  As  was 
expected  in  Section 11, an  optimum  value  of plz  is about  two. 
In the following simulation test, modulation indices are set 
to p1 = 1 1.7 (Afd = 7  kHz)  and p2 = 9.7 (Afd 2 = 5.8 kHz), 
Le., b1 = 2 .  
Fig. 4 shows the measured BER performance with p as a 
parameter  when rl = r2. Fig. 5 shows  the  measured  BER  per- 
formance  with  the  received  signal  power  ratio rl/rZ (unequal 
transmitter  powers  case) as a  parameter  when p = 0. The use 
of the transmitter diversity can surely improve the BER per- 
formance of digital FM. We define the diversity gain as re- 
duced  quantity  of  the  total  transmitter  power  required to 
achieve a certain  average  BER  relative to  that  without diversity 
(single transmitter case). From the results in Figs. 4 and 5, 
when rl = r2 and p = 0, each transmitter power required 
to  achieve  an  average  BER  of 1 X can  be  reduced by 
about 14 dB  relative to  that  without  diversity.  Thus  the  diver- 
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Fig. 4. Measured average BER performance with P as a parameter. 
2 
I X  0-2 
8 
6 
4 
a a 
2 
iY 
W 
m 
w IXIO-' 
2 8  
$ 6  > u 4  
2 
1110-' 
8 
6 
4 
2 
\ 
I5   20   25  30  35  40  45 
( d B 1  
Fig. 5 .  Measured  average BER performance  with  the  received signal 
power  ratio rl/r2 as a  parameter. 
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sity  gain  atn average BER  of  1 X is about  11 dB. 
There is a decreasing diversity gain as p or r1/r2 increases. 
From the results in Fig. 4, when = r 2  and p = 0.8, each 
transmitter power can still be decreased by about 11 dB rela- 
tive to  that  without diversity. Thus  there is  still  a  diversity gain 
of about 8 dB  when p = 0.8. From the  results  in Fig. 5,  when 
I ' 1 / I ' 2  = 4 and p = 0, transmitter power giving rl at the 
receiver can be still decreased by about 11 dB relative to that 
without diversity. Thus there is still a diversity gain of about 
10 dB. 
From the experimental data on static BER performance, 
it is found  that  both  of  the  constant  parameters a1 and a2 in 
(15)  are  nearly  equal to  about  0.25. Since the  differential 
encoding is used  in  the  simulation  tests,  the  measured average 
BER's  should  be  equal  to  2 X Pe, where Pe is given by (19) or 
(22).  Solid  curves in  Figs. 4 and 5 show  the  theoretical 
results.  Experimental  results agree  well with the theoretical 
results. 
V. CONCLUSION 
This  paper  has  proposed  the  transmitter  diversity  to  be  used 
in a digital FM paging system with a large predetection band- 
width-bit duration product. The method is to transmit two 
digital FM signals with different modulation indices, each of 
which is modulated by an identical binary signal, from sepa- 
rate  antennas.  The  same  action  obtained  with  the  well-known 
selection  diversity is  achieved  when  the  difference  between  the 
modulation  indices is equal  to  two.  The diversity  effect on  the 
BER performance is theoretically analyzed and is verified by 
the  simulation  tests. 
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A Mobile  Radio  Antenna  System  Having 
a Self-Diplexing Function 
KIYOSHl NAGAI. SENIOR M E M B E R .  I E E E .  YOSHIHlKO MIKL[NI. V E J I B E R .  I E E E .  AND HlSAO IWASAKI 
Abstract--A coupled ,\'-element antenna system on a mobile unit for 
simultaneous  transmission  and  reception is discussed. .A diplexer is 
required when an antenna for transmission and that for reception are 
installed  with  mutual  coupling  betseen  them. An attempt is made to reduce 
coupling between the transmitting point and the receiking point bj  a 
lossless  network  and  coupled  antennas.  The  network is connected between 
the antenna and the input and output ports, The decoupled antenna is 
analyzed  and  theoretical  and  experimental  results. which show the  feasi- 
bility of the  antenna system. are  described. 
I 
I. INTRODUCTION 
N MOBILE communication  systems, signals are  transmitted 
and received by a mobile station by means of antennas 
mounted  on  the  mobile  unit [ 11 ~ [ 2 ] .  
When mounting an antenna system on a mobile unit, an- 
tennas in the system are necessarily placed adjacent to each 
other, because the roof of the mobile unit provides a finite 
ground plane. Therefore, mutual interaction between anten- 
nas is unavoidable.  When  this  antenna  system is used  with  a  di- 
plexer,  undesirable  mutual  coupling  results. For instance,  each 
antenna's  radiation  pattern is disturbed. When  signals are  trans- 
mitted and received simultaneously, part of the transmitted 
power  flows into receivers.  This is usually  referred to as 
coupling loss. In addition, excessive power flow from a trans- 
mitter  to  a receiver  causes  receiver saturation  or  interference. 
Several methods  to  reduce  mutual  coupling have been sug- 
gested. Anderssen and Rasmussen [3] connected  antennas  and 
Manuscript  received  December 13,  1977;revised  April  19,  1979. 
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source  ports  through  a lossless network.  The  imaginary  part  of 
the  mutual  impedance was made  zero  by  the  network  and  the 
real part was reduced  by  the  antenna  spacing.  Therefore, 
mounting  location  on  the  mobile  unit is restricted. 
Tokumaru  and Nagai [4] proposed  a  method t o  reduce  the 
mutual coupling between two folded monopoles by connect- 
ing them with a lossy network. The antenna spacing can be 
chosen freely, but power loss in the network is unavoidable. 
The best mobile antenna system will be such that mutual in- 
teraction between transmitter and receiver is removed, while 
the  antenna  spacing  can  be  chosen  freely.  This  paper  presents  a 
new  method  to  reduce  mutual  interaction  by  a  simple lossless 
network. 
If mutual coupling is reduced, the antenna system can be 
used for  simultaneous  transmission  and  reception. So, this  an- 
tenna  system  provides  a  diplexing  function. 
First, an N-element antenna system is considered, and a 
lossless network is obtained when N is two. Second, experi- 
mental  results  are  presented  and  compared  with  the  calculated 
results. 
It is usually necessary that the ratio between the power 
flowing into  a receiver and  the  transmitted  power  be less than 
-80 dB.  The  results  indicate  that  mutual  interaction  between 
a  transmitter  and  a receiver is reduced  by  a  simple lossless net- 
work  consisting  of  coupled  lines.  Therefore,  the  required 
mutual interaction rejection for a filter is relieved, i.e., the 
number  of  stages  and  filter  insertion  loss  can  be  reduced.  The 
radiation pattern of this antenna system is almost omnidirec- 
tional  in  the  horizontal  plane.  Judging  from  the  results,  the  an- 
tenna system is considered useful and advantageous in a mo- 
bile radio  system. 
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